Uniform diamond films are highly desirable for cutting industries, due to their high performance and long lifetime used on cutting tools. Nevertheless, they are difficult to obtain on cutting tools with complicated shapes, greatly limiting the applications of diamond films. In this study, a novel approach of deposition for uniform diamond films is proposed, on circular saw blades made of cemented carbide using reflectors of brass sheets. Diamond films are deposited using hot filament chemical vapor deposition (HFCVD). A novel concave structure of brass sheets is designed and fabricated, improving the distribution of temperature field, and overcoming the disadvantages of the conventional HFCVD systems. This increases the energy efficiency of use without changing the structure and increasing the cost of HFCVD. The grains are refined and the intensities of diamond peaks are strengthened obviously, which is confirmed by scanning electron microscopy and Raman spectra respectively.
Introduction
Diamonds are widely used in cutting industries to machine difficult-to-cut materials, such as stones, glasses and ceramics, due to their highest hardness, low friction coefficient, chemical inertness, high thermal conductivity and great wear resistance [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Hot filament chemical vapor deposition (HFCVD) technique is popularly employed, to deposit diamond films on cemented carbide (WC-Co) tools [20] [21] [22] [23] [24] . This is attributed to the technique with advantages of uniformity over large area, adaptability to product geometries, moderate activation temperature, cheapness and ease of operation and construction [23] . Nonetheless, it is difficult to obtain uniform diamond films on three-dimension (3D) tools with complex shapes, lowering the lifetime and performance of tools, and hindering the applications of diamond coated tools. The temperature at local areas of the complex shape is relatively low. This is not qualitied for the growth of diamond films, leading to the formation of graphitization. The parallel arrays of filaments in the HFCVD system are responsible for the lower temperature at local area, due to the non-uniform hot radiation to the complicated shape. The function of layout for the filaments is limited, considering the productivity, cost and actual effects on the deposition of diamond films.
The binder phase of cobalt exists at the grain boundaries, improving the toughness of the tools [20, 24] . It is responsible for the formation of graphite at lower temperature, thanks to the catalytic effect of cobalt during the growth of diamond films [20] . Therefore, the temperature plays an important role for the growth of uniform diamond films. This needs to develop a novel structure to improve the temperature field for the deposition of diamond films on tools with complicated shapes.
In this study, a novel concave structure is developed using reflectors of brass sheets in the HFCVD system, radiating uniformly to the complicated shaped tools. A novel approach of deposition for uniform diamond films is proposed using the concave structure developed. The diamond films are characterized and measured by scanning electron microscopy (SEM) and Raman spectra respectively. The distribution of temperature field is elucidated by finite element method (FEM) simulations, which is in a good agreement with the experimental results.
Experimental details

Deposition of diamond films
WC-6 wt% Co circular saw blades were used as specimens of 40 mm in outer diameter, 12.7 mm in inner diameter and 0.35 mm in thickness, as shown in figure 1(a) . There were 30 saws of each blade. Chemical etching and diamond seeding were used to increase the nucleation density of the diamond films. Firstly, the blades were cleaned in an ethanol ultrasonic bath for 10 min. Then they were ultrasonically chemically etched in a solution with a volume ratio of 1, 1-10 among potassium hydroxide, potassium ferricyanide and water for 10 min, and in another solution with volume ratio of 7 to 3 between hydrogen peroxide and sulfuric acid for 15 s. After chemical treatment, the blades were seeded in a suspension slurry of diamond for 30 min. Finally, the blades were rinsed by deionized water and ultrasonically cleaned in ethanol for 20 min. Three blades were fixed in a holder, as illustrated in figure 1(b) , and the holder was mounted in the chamber of HFCVD system, as pictured in figure 1(c) . The reflectors were put in the reflection region in figure 1(c) . For a comparison, diamond films were deposited on the three blades without and with reflectors of glasses and polished brass sheets, respectively, corresponding to the three samples designated by W, RG and RB. With this design, the deposition temperature was different among three kinds of saw blades without and with glass or brass reflectors. The temperature was different for three kinds of saw blades and the air around them. The use of reflectors makes the temperature on the saw blades more uniform. The deposition parameters of diamond films are listed in table 1. During deposition, the worktable rotated at a speed of 0.5 rpm to improve the distribution of temperature field. Four polished brass sheets were used as the reflectors with a concave shape of 60 mm long, 40 mm wide and 0.3 mm thick. In figure 1(c) , five similar tantalum filaments were 0.35 and 250 mm in diameter and length respectively, and the distance was 9 mm between adjacent two filaments. The distance was 10 mm between a filament and the specimen. The sample holder was made of red bronze with a diameter of 24 mm. Reflectors were put below the specimens on the table distributed uniformly around the sample holder.
The diamond films on the blades were characterized and measured using SEM (ZEISS, EVO 18, Germany) [25] [26] [27] [28] and Raman spectra (Renishaw inVia Reflex, UK) with 532 nm laser excitation, respectively.
FEM simulations
FEM simulations were performed to elucidate the effects of reflectors on the temperature field. An FEM model is drawn in figure 1(c) . In the FEM model, circular saw blades were simulated by WC-6Co annular wafers of 40 mm in diameter and 0.4 mm in thickness with holes of 12.7 mm in diameter. A cylinder of red bronze was used as the specimen holder conducting heat between the specimens and worktable. The HFCVD chamber had a diameter of 650 mm and a height of 500 mm, containing a cylindrical worktable of 250 mm in A constant boundary condition of temperature was set due to the cycling of cooling water inside both the worktable and chamber wall. Five tantalum wires were arrayed above the blades in a parallel form with equivalent distances. The wires were used as hot filaments with a length of 250 mm and a diameter of 0.4 mm. Hydrogen gas flowed into the chamber through the inlet and out of it from the outlet. The properties of materials used in the FEM model are listed in table 2 [29] [30] [31] [32] [33] [34] [35] . The constructed FEM model was meshed, consisting of 174, 791 elements. Three modes of heat transfer were considered in the simulations, which was radiation, conduction and convection. The heat transfer is expressed,
where C p denotes the heat capacity J kg K ,
and Q refers to the power density (W m ) in the filaments that serve as a hot source. Radiation was the primary mode of heat transfer in the HFCVD system. All the solids in the model were set as opaque bodies, most of which acted as ideal gray bodies, indicating that the absorptivity and emissivity were equivalent. The lower emissivity of the solids was, the higher reflection was. Three emissivity, ε of 0.88, 0.35 and 0.03 was simulated respectively at the reflection region, representing three deposition conditions for samples W. RG and RB, correspondingly. The values on the diffuse surfaces of filaments, specimens and others that had no boundary conditions, i.e.
0, e = were 0.98, 0.78 and 0, respectively. The heat transfer on the diffuse surfaces is calculated,
where n  is the unit normal vector, k the thermal conductivity
) the radiosity of a blackbody at temperature T (K) and s the Stefan-Boltzmann constant of 5.67 10 W m K . 8 2 4 ---( ) For the boundary condition, the total power of the filaments was 4400 W according to the experimental parameters. The temperature of chamber wall was 25°C. Flow rate and pressure at the inlet were 207 standard cubic centimeter per minute (sccm) and 2.5 kPa, respectively. Hydrogen was thought as incompressible ideal gas, and the Mach number was less than 0.3 [36, 37] , meaning the fluid flowed at a laminar flow state [30] . The initial temperature in the HFCVD system was set at 20°C. Figure 2 shows the SEM images on the deposited diamond films of samples W, RG and RB on the upper and lower sides at the location A in figure 1(a) . The surface of sample W in figure 2 (a) has no sharp edges as those of samples RG and RB in figures 2(c) and (e). This means that the graphitization of sample W is obvious than those of samples RG and RB. Moreover, the surface of sample W in figure 2(b) is not compact as those of samples RG and RB (figures 2(d) and (f)). The sizes of diamond grains of sample RB are the smallest among the three samples, as illustrated in figures 2(e) and (f), indicating the best refinement effect of diamond grains. Figure 3 illustrates the SEM images on the deposited diamond films of samples W, RG and RB on the upper and lower sides at location B in figure 1(a) . All the surfaces of deposited diamond films are compact at the location B in figure 1(a) , under the three deposition conditions, which is different from the incompact surface in figure 2(b) . This indicates that the traditional HFCVD system is difficult to obtain compact surfaces on substrates with complicated 3D shapes. There are no sharp edges of crystalline characteristics on the surfaces of sample W, as shown in figures 3(a) and (b) . The sharp edges of crystalline characteristics are the most obvious on the surfaces of sample RB, as pictured in figures 3(e) and (f).
Results
Figures 4 and 5 show the Raman spectra on the deposited diamond films of samples W, RG and RB at locations A and B in figure 1(a) , respectively. The intensity of diamond peaks on sample RB is the strongest among the three samples centered at 1337 cm −1 at both locations, as illustrated in figures 4 and 5, which is consistent with their sharp edges of grains in figures 2 and 3 [32] . The diamond peaks shift right compared with those centered at 1332 cm −1 [38] , because of the presence of residual stress. The intensities of diamond peaks on samples RB and RG are approximately four and two times, those on sample W respectively, as pictured in figure 4 , indicating the best of sample RB among the three samples. Similarly, samples RB and RG have about three and two times of sample W, respectively for the intensities of diamond peaks, as drawn in figure 5 . This indicates that the concave design of sample RB has the best deposition effect of diamond films for the substrates with complicated 3D shapes. The full width at half maximum (FWHM) of sample RB is the smallest at the lower side of location A (figure 4) and upper side of location B (figure 5) among the three samples, meaning the lowest crystalline defects and anisotropic stress distribution [30] . The broad peaks are observed for graphite G mode ranged from 1520 to 1580 cm 
Discussions
FEM is used to simulate the distribution of temperature around the filaments in the HFCVD system. The temperature is distributed symmetrically along the axial direction of five filaments, as illustrated in figure 6(a) . There are no reflectors in figure 6 . The temperature of the outmost two filaments assigned by 1 and 5 keeps constant along the axial length. figure 1(a) .
Due to the heat absorbance of the holder, the temperature of filaments 2, 3 and 4 vary along the axial length. Filament 3 is at the center of the holder, and therefore the temperature has the largest decline above the holder. The temperature is increased by the radiation of the filaments mainly, resulting in the lower temperature at the backside of the holder, as diagramed in figure 6(b) . This explains why the samples in HFCVD system need auxiliary hot source to increase the temperature at the lower side. The distribution of temperature field on the three samples is illustrated in figure 7 . The back surfaces of saw blades were contacted with the sample holder in figure 1(c) , resulting in the lower temperature that is not displayed in figure 7 . This makes the saw blades have different sizes seen from upper and lower sides. The temperature of FEM simulations on the three samples is usually lower than that of the actual ones in the HFCVD system, in terms of the complexity of thermal analysis [22, 34] . Nevertheless, the trend of temperature variation in FEM simulations is consistent with the experimental results. On all the samples, the temperature at the outmost is the highest, and the innermost the lowest. The highest temperature is increased by 14°C and 23°C on samples RG and RB respectively, compared with that of sample W, as shown in figure 7 , indicating the improvement of temperature field on samples RG and RB. figure 1(a) . Insets show the enlarged curves at Raman shifts varying from 1300 to 1380 cm −1 of corresponding images, and the FWHM is calculated from Lorentz fitting. figure 1(a) . Insets show the enlarged curves at Raman shifts ranging from 1300 to 1380 cm −1 of corresponding images, and the FWHM is calculated from Lorentz fitting.
This greatly contributes for the refinement of grains and strongest intensities of diamond peaks on sample RB, as well as the incompact surface and weakest intensities of diamond peaks on sample W. The distribution of temperature field is the same on each sample at both the upper and lower sides, due to the thermal conductivity ( figure 7) . The distribution of temperature field is simulated in figure 8 at a distance of 3 mm above and below the three samples. The temperature at the outmost area increases 9.4°C and 20.5°C at a distance above the sample RG and RB respectively, compared to that of sample W, corresponding to 11.4°C and 17.3°C below the samples. Location A in figure 1(a) is a representative point on the deposited diamond films. It is the convergent point of the blade, meaning the most difficult point for depositing diamond films on it. Hereby, location A is selected for the characterization point of the deposited diamond blades. Moreover, location B in figure 1(a) represents a point at the transition region from a three-dimensional free-form surface to flat surface, which is an indicator for the quality of deposited diamond films on WC-Co substrates. Wherefore, locations A and B are chosen as the two characterization points for the deposited diamond films. The reflectors improve the distribution of temperature field above and below the samples in the HFCVD system, leading to the refinement of grains and strengthening of intensities of diamond peaks, as illustrated in figures 2-5. The refinement of grains of diamond films is critical for the cutting performance, inhibiting the formation of built-up edges, lowering the surface roughness and obtaining the good surface finish of workpiece [43] [44] [45] [46] [47] [48] [49] [50] . The temperature reduces 412°C, 410°C and 415.2°C below the samples W, RG and RB respectively, compared to the above corresponding counterparts. In addition to temperature, brass sheets also affect the air flow field. The air flow field or barrier plays an important role on deposition of diamond films [8] [9] [10] . In this regard, brass sheets are employed for the reflectors during deposition of diamond films on WC-Co substrates. Adding reflectors in a HFCVD system is necessary for the improvement of temperature field, verifying the validity of design and fabrication of concave brass sheets. The approach has advantages compared with other methods. For instance, two filaments are used to control the temperature during diamond growth at both the upper and lower sides of a blade, resulting in the uneven distribution of temperature field and more energy wasted. It is useful to employ water cooling device and change the direction of gas to control the growth of diamond films. However, this increases the cost of device and difficulties of operation. On the other hand, polished brass sheets and glasses are used for the reflectors, increasing the reflectivity of heat radiation from diffuse to mirror reflection. This increases the use efficiency of heat sources. A novel concave structure of brass sheets is designed and fabricated in this study, which enables converging the heat radiation at the other side of hot filaments. This effectively uses the heat radiation from the hot filaments, increasing the temperature at the back side of the blades and inducing the uniform temperature field. The concave structure is used to converge the heat radiation at the back side of a workpiece. No matter how the complicated shape of a workpiece is, the concave structure is very powerful to converge the heat radiation. The difference is to adjust the angle, location and quantity of concave brass sheets for different workpieces, and there is no need to design and fabricate new concave structure. The quantities of workpiece on a holder is determined by the sizes of a holder and workpiece, as well as the complexity of shape for a workpiece. The rotation of a holder during growth of diamond films is to form uniform distribution of temperature. Therefore, the rotation speed is usually slow according to the deposition effects.
Conclusions
Diamond films are deposited on cemented carbide substrates with complicated 3D shapes. The incompact surface and weak intensity of diamond peaks are obtained on the samples without the reflectors. A novel concave structure of brass sheets is used to reflect the hot radiated from the filaments in the HFCVD system. This refines the grains and strengthens the intensities of diamond peaks, obtaining the compact and refined diamond films. The intensity of diamond films produced by the concave structure developed is about four times that of pristine counterparts. FEM simulations confirm that the concave structure improves the distribution of the temperature field on the samples. The concave brass sheets do not change the structure of the HFVCD system, whereas it gets the best deposition effect among the three samples. They save the energy and enlarge the applications of diamond films on substrates with complicated 3D shapes, benefiting for both the diamond and cutting industries.
